Adipose and immune functions display sex differences and are influenced by sex steroid hormones in health and disease. However, effector molecules that mediate the effects of sex steroids and determine sex differences in adipocytes and immune cells are largely unknown. Sex differences are known to exist in mitochondrial biology, and mitochondria play a crucial role in adipocyte and immune cell functions. In fact, mitochondrial dysregulation is a common finding in a number of diseases that exhibit sex differences. It is, therefore, possible that mitochondria carry out sex-dimorphic functions. Prohibitin, an evolutionarily conserved pleiotropic protein, known to function as a mitochondrial chaperone, has multifaceted relationship with sex steroids and their receptors. New evidence indicates that prohibitin has roles in sex differences in multiple cell and tissue types, including adipocytes, macrophages, and dendritic cells. Transgenic mice overexpressing prohibitin in adipocytes, macrophages, and dendritic cells exhibit sex differences in metabolic and immune phenotypes, mediated through mitochondrial and plasma membrane signaling functions of prohibitin. Thus, the discovery of prohibitin as mediating the effects of sex steroids in multiple cell types has opened a new research direction to study the relationship between sex steroids and mitochondrial proteins and their impact on sex differences in health and disease. In this opinion article, we will provide a personal perspective of the role of prohibitin with cellular compartment-and tissue-specific functions in mediating sex-dimorphic adipose and immune functions. We believe that prohibitin is a potential target for sex-based new therapeutics for metabolic and immune diseases.
Introduction
Susceptibility to disease is under the influence of numerous genetic, epigenetic, and hormonal factors, many of which may be inherent or specific to the sex of the individual. In humans and other mammals, the definition of sex has traditionally been based on external genitalia. This is supported by the presence of chromosome Y for males and its absence for females, and hormonally manifested by the predominance of testosterone and estrogens, respectively. 1 Besides the organismal sex, it is more and more accepted that sex differences exist even at the cellular level, and mitochondrial factors have recently begun to be considered as contributing to sex differences. 2, 3 In clinical practice, sex differences in manifestations of diseases and their response to treatment have also been observed. [4] [5] [6] [7] Because of these biological and clinical differences between males and females, learned societies nowadays require that sex considerations be integrated in biomedical research,
Impact statement
Traditional sex-related biases in research are now obsolete, and it is important to identify the sex of humans, animals, and even cells in research protocols, due to the role of sex as a fundamental facet of biology, predisposition to disease, and response to therapy. Genetic sex, epigenetics and hormonal regulations, generate sex-dimorphisms. Recent investigations acknowledge sex differences in metabolic and immune health as well as chronic diseases. Prohibitin, an evolutionarily conserved molecule, has pleotropic functions in mitochondrial housekeeping, plasma membrane signaling, and nuclear genetic transcription. Studies in adipocytes, macrophages, and transgenic mice indicate that prohibitin interacts with sex steroids and plays a role in mediating sex differences in adipose tissues and immune cell types. Prohibitin may, depending on context, modulate predisposition to chronic metabolic diseases and malignancy and, because of these attributes, could be a target for sex-based therapies of metabolic and immune-related diseases as well as cancer.
epidemiological data collections, and clinical trials. 8, 9 This would lead to better insights into mechanisms and clinical manifestations of diseases, with sex as an important variable.
In this perspective article, we have chosen adipose and immune functions as examples to discuss this viewpoint, because of their multifaceted role in health and disease as well as their intimate relationship with each other, which may have reciprocal influences on sex differences. Notably, an important source of metabolic and immunological variations is the sex of the individual. In general, females possess higher percentage of body fat, but display resistance to obesity-related metabolic dysregulation compared to males. 10 This difference in metabolic function between females and males is attributed to sex differences in adipose tissue distribution in different fat depots and their functions. 11 A parallel sex difference also exists in immune responses. For example, males experience a greater severity of various infections than females, whereas females exhibit a greater response to antigenic challenges such as infection and vaccination 12, 13 and are more prone to developing autoimmune diseases.
14 Thus, there are fundamental aspects of metabolic homeostasis and immune functions that are regulated differently in males and females and likely influence both the development of metabolic and immune diseases and the response to pharmacological intervention.
As therapies targeting immune functions are developed to improve clinical outcomes in cancer, viral and bacterial infections, autoimmune diseases and transplantation, it is crucial for their success to identify the source of immunological variations and to find biomarkers for immune health and dysfunction. 15 Some of the sex-specific variations in adipose tissue functions and immune responses may be directly attributed to sex steroids. There is an urgent need to study both sexes, because they represent the foundation for sex-specific medicine to prevent metabolic and immune diseases. In this context, it is important to note that mitochondria play a crucial role in the regulation of metabolic and immune functions, 16, 17 and sex differences are known to exist in mitochondrial functions. 2, 3 Furthermore, current literature suggests that the role of male and female sex steroids in mitochondrial biology is not equal. For example, estrogens, but not androgens, play a crucial role in mitochondrial biology, including mitochondrial biogenesis and respiratory chain complex assembly and function. [18] [19] [20] In addition, a number of nuclear encoded mitochondrial proteins are located on the X chromosome, 21 which may escape X chromosome inactivation (XCI) and contribute to sex differences. Thus, it is possible that mitochondria and mitochondrial proteins carry out sexdimorphic functions.
New evidence suggests that an evolutionarily conserved pleiotropic protein, prohibitin (PHB, also known as PHB1), has roles in sex differences in adipose and immune functions. [22] [23] [24] [25] Notably, PHB is known to function as a mitochondrial chaperone 26 and an adaptor molecule in plasma membrane signaling [reviewed in Mishra et al. 27 ], but also has multifaceted relationship with sex steroids [reviewed in Mishra et al. 28 ]. In this opinion article, we will provide a viewpoint on the role of mitochondria and PHB in mediating sex-dimorphic adipose and immune functions. Finally, we will conclude that PHB is a potential target for sex-based new therapeutics for metabolic and immune diseases.
Sex differences in adipose tissue distribution and functions
For the same body mass index, women typically have around 10% higher body fat mass than men. 29, 30 However, fat in women is deposited predominantly in gluteofemoral regions, as opposed to predominantly abdominal accumulation in men. Noticeable sex differences in fat distribution arise during puberty when android and gynoid fat distributions appear for the first time. [31] [32] [33] Adiposity, especially in the visceral compartment, increases with age in both sexes, and, in women, this redistribution of adipose tissue coincides with the fall in estrogen levels preceding menopause. 34, 35 The determining role of sex steroids in sex-specific fat distribution has been demonstrated during treatment of transsexual men and women with estradiol (E2) or testosterone. 36 However, the cellular and molecular mechanisms by which sex steroids modulate the size of specific fat depots in humans remain largely unknown.
In general, sex differences in adipose tissue distribution relate with whole body metabolism and future health, 37, 38 and epidemiological and clinical studies have established that gynoid distribution of fat provides resistance to metabolic dysregulation. 39, 40 Primary factors that may contribute to sex differences in adipose tissue biology and whole body metabolism include adipocyte intrinsic factors and modulatory effects of sex hormones. 39, 40 In addition, adipose tissue-specific microenvironment may contribute to such differences. For instance, adipose tissue-specific macrophages exhibit sex differences, and are known to play a role in adipocyte functions. Sex differences in biology of adipose tissues would imply that these tissues differ in their ability to perform primary adipocyte functions such as glucose and lipid handling, and adipokines production. [41] [42] [43] [44] [45] [46] For instance, absence of E2 results in reduced lipid oxidation in women 35 and in ovariectomized rodents, 47 indicating a role for estrogens in this process. It is interesting to note that higher E2 level, which generally has a positive influence on insulin sensitivity, does not appear to have similar effect during pregnancy. This may be an adaptive change to spare glucose availability for optimal fetal growth. 46 It is possible that other pregnancyrelated hormones such as progesterone and placental lactogen modulate E2's role on adipose and immune functions during pregnancy. Thus, the role of sex steroids in adipose and immune functions in pregnant females is not limited to estrogens.
Sex differences in adipose tissue distribution and functions are likely determined by a complex interplay of genetic, hormonal, and epigenetic factors. However, their precise role and relative contribution of regulatory factors and cell autonomous properties remain blurred, and it is largely unknown whether specific fat depots are differentially sensitive to sex steroids, and why adipose tissue in women confers protection against metabolic diseases. In vitro, estrogens stimulate proliferation of human preadipocytes, 48, 49 whereas androgens inhibit differentiation without affecting proliferation. 50, 51 Apart from regulating fuel homeostasis, adipose tissue releases a large number of secretory products such as adipokines, chemokines, and cytokines. Some of these factors are known to display sex differences in their secretion and regulation and also contribute to fuel homeostasis. 52, 53 The sex differences in adipose tissue are not limited to white fat, as females have more active brown adipose tissue than males in both in humans and animal models. 54, 55 Adipose tissue is also home to different immune cell types, and adipocytes and immune cells interact with each other, which is crucial for their functions. For example, macrophages in adipose tissue play an important role in metabolic homeostasis. [56] [57] [58] In lean animals, resident macrophages in tissue express genes associated with antiinflammatory function. Anti-inflammatory (M2) macrophages promote insulin sensitivity by inhibiting proinflammatory M1 macrophage activation and associated inflammation. In obese mice with insulin resistance, liver and adipose macrophages are M1-like, and M1 products such as TNF-a are instrumental in causing insulin resistance. 57 Like adipocytes, sex differences also exist in various immune cell types including macrophages. 59 However, it is not known whether sex differences in adipocytes and macrophages reciprocally affect each other and contribute to sex-specific adipose tissue phenotypes. In addition, it is largely unexplored whether immune components are different in different fat depots and contribute to depotspecific function.
Sex differences in metabolic homeostasis and their implication for obesity and diabetes in males and females have been reviewed recently 47, 60 and will not be discussed here. In this context, it is important to note that adipose tissue has the ability to aromatize androgens to estrogens and inactivate estrogens through sulfotransferase. It is possible that this attribute can also contribute to sex differences in metabolic function and in immune cells present in adipose tissue. Thus, it is possible that obesity may affect the intracrinology of sex steroids and consequently programming of adipose and immune cells.
PHB
PHB is a 30 kDa protein found in multiple cellular compartments including the cell nucleus, mitochondria, and plasma membrane. Its name derived from its original discovery as an anti-proliferative gene. It became subsequently clear that PHB has diverse cellular roles such as regulation of transcription and cell cycle, mitochondrial function, signal transduction in the plasma membrane, anti-oxidation, and anti-inflammation [reviewed in Mishra et al. 27 ]. PHB is evolutionary conserved, being similar in prokaryotes and eukaryotes. PHB is best known as a mitochondrial chaperone, but is also a regulator of transcription, and a participant in signal transduction from the plasma membrane [reviewed in Mishra et al. 27 and Ande et al.
61
]. As a mitochondrial chaperone, PHB stabilizes the mitochondrial genome and proteins related to the respiratory chain, preventing their degradation by proteases. PHB also promotes mitochondrial morphogenesis, and loss of PHB leads to severe changes in mitochondrial membrane potential and morphology, and in destabilization of Optic atrophy 1 protein, which is required for mitochondrial fusion. Conversely, mitochondrial PHB expression increases with cellular injury and protects against oxidative stress [reviewed in Ande et al. 61 ]. Besides roles in cellular processes such as cell proliferation and mitochondrial housekeeping, PHB has fundamental cell type-and tissue-specific functions such as adipogenic and immune functions [reviewed in Mishra et al. 28 and Ande et al. 61 ]. The role of PHB in adipogenesis is mediated through its mitochondrial function 22, 62 (Figure 1) , whereas its immune cell-specific functions require membraneassociated cell signaling functions [reviewed in Ande et al. 63 ] (Figure 2 ).
PHB-Tg mice display sex differences in adipose phenotype and metabolic dysregulation
To further study the role of PHB in cell compartmentspecific adipogenesis and immune functions at the systemic level, we developed transgenic (Tg) mouse models expressing PHB and Y114F-PHB (mPHB) from adipocyte protein-2 (aP2) gene promoter, 22, 23 which is primarily expressed in adipocytes but also in monocytic macrophages and dendritic cells. [64] [65] [66] PHB-Tg and mPHB-Tg mice developed obesity in a sex-neutral manner, suggesting that mPHB retains the mitochondria-associated adipogenic function of wild-type PHB 23 ( Figure 1 ). However, these mice developed obesity-related metabolic dysregulation Figure 1 . Interaction of PHB with sex steroids in the adipocyte. Estradiol (E2) and testosterone (T) signal to the plasma membrane (PM), mitochondria (Mito), and cell nucleus (N) through their respective receptors located at these cellular compartments. PHB appears to predominantly interact with E2 and T at the Mito level, and allows enhanced mitochondrial biogenesis (Mito-N cross talk) and adipogenesis similarly in both sexes, but their metabolic consequences are sex dimorphic. This would imply that a bi-faceted and sex dimorphic interplay occurs between PHB and sex steroids in adipocytes, i.e. PHB requires sex steroids for adipogenic function and this is modulated by E2 and T differently. PHB-Tg mice and mPHB-Tg mice exhibit sex-specific metabolic phenotypes, but the mice in both sexes are obese, suggesting that mPHB retains its mitochondria mediated adipogenic function. This does not exclude a potential interplay between PHB and sex steroids in the nucleus and plasma membrane. (A color version of this figure is available in the online journal.) such as fatty liver, insulin resistance, and impaired glucose tolerance in a male-specific manner, 22-25 revealing a sexdimorphic role of PHB in adipose tissue and, potentially, in the protective role of estrogen in metabolic and immune dysregulation ( Figure 1 ). Gonadectomy abrogated weight gain, with a greater reduction of subcutaneous than visceral fat in PHB-Tg mice of both sexes, and metabolic dysfunction in male PHB-Tg mice. 28, 67 With aging, male PHB-Tg developed steatohepatitis and liver tumors, whereas female PHB-Tg mice were protected. 24 Further analysis of mitochondrial markers in white adipose tissue from PHBTg mice revealed that PHB overexpression in adipocytes enhances mitochondrial biogenesis. 22 Sex differences in adipose tissue phenotype was also observed in brown adipose depots, where only male PHB-Tg mice exhibited increased fat accumulation, larger fat droplets, and reduced mitochondrial size. 22 Taken together, these findings provided evidence for a critical role of PHB and adipocyte mitochondria in adipose tissue homeostasis, and revealed sex differences in the effect of PHB-induced adipocyte mitochondrial remodeling on whole-body metabolism. 22 In addition, these evidences point to an important interconnection between PHB, sex steroids, and mitochondria in mediating sex differences in adipose tissue functions and metabolic regulation ( Figure 1 ). In this context, it should be noted that sex steroid receptors localize to mitochondria and play a role in mitochondrial biology. 19, 20 Apart from membrane signaling and mitochondrial chaperoning, PHB is also a transcriptional co-regulator, but it is not known whether this nuclear function is involved in adipose and immune regulation. From its major location in the mitochondria, PHB can translocate to the nucleus in response to estrogen, 68 and PHB has been associated with the function of mitochondrial transcription factor (Tfam) and nuclear factor-2 (Nrf-2). 69, 70 Tfam plays an important role in mitochondrial biology, and Nrf-2 regulates transcription of a number of nuclearencoded mitochondrial proteins. 69, 70 In addition, PHB and Nrf-2 have been implicated in anti-oxidant defense mechanisms. 70 These evidences, along with finding of upregulated mitochondrial biogenesis in white adipose tissue of PHB-Tg mice indicate a potential role of PHB in mitonuclear crosstalk required for mitochondrial biogenesis. An enhanced mitonuclear crosstalk may be the underlying mechanism behind increased mitochondrial biogenesis in white adipose tissue of PHB-Tg mice. In this context, it should be noted that estrogens, which have protective effects against obesity, also play a role in mitochondrial biogenesis. [18] [19] [20] However, it is not clear whether the role of estrogen in mitochondrial biology is linked to its protective effect against obesity. The PHB-Tg female mice have created an opportunity to dissect the interrelationship among estrogens/estrogen receptor (ER), PHB, and mitochondria in adipose tissue biology and metabolic regulation.
Sex differences in immune health and disease
Sex differences are known to exist in various aspects of immune functions in health and disease. For example, women exhibit a greater immune response to vaccination and are more susceptible to autoimmune diseases than men, whereas men are more susceptible to infectious diseases and cancer. 71, 72 A meta-analysis of epidemiological studies on infectious diseases found a higher incidence of infectious diseases in adult men. 73 This male bias in susceptibility to pathogens has also been reported in rodents. 12 Even though substantial sex differences occur in immune health and disease in humans and rodent models, our understanding of the underlying mechanisms remains poor. Likely factors involve sex chromosomes-linked genes, epigenetic modifications, sex steroid hormones, and environmental factors. 74, 75 Recently, Furman et al. 1 found an association of genes that are upregulated by testosterone and are involved in lipid metabolism, with poor antibody-neutralizing response to influenza vaccine, indicating a link between testosterone regulated genes and response to vaccination. Furthermore, these authors proposed that testosterone directly regulates transcriptional factors involved in immune activation, which may play a role in the regulation of lipid metabolism by testosterone in immune cells. Of note, emerging evidence suggests that metabolic changes within immune cells (immunometabolism) play a major role in their functional polarization 76 and could be important drivers of the differences in immune responses between males and females.
Besides testosterone, there is also evidence that estrogens have a direct effect on immune cells. For example, E2 positively regulates the toll-like receptor (TLR)-mediated response of plasmacytoid dendritic cells in vivo through cell-intrinsic ERa signaling. 77 An ERa-mediated effect of E2 has also been reported on NF-jB p65 transcriptional activity and levels of marker genes in murine macrophages. Figure 2 . Interaction of PHB with sex steroids in the immune cell. Estradiol (E2) and testosterone (T) signal to the plasma membrane (PM), mitochondria (Mito) and cell nucleus (N) through their respective receptors located at these cellular compartments. PHB appears to be differently modulated by E2 and T at the PM level. Due to PHB phosphorylation at tyrosine-114, male mPHB-Tg mice display lymphoproliferative phenotype and develop T1D on a high-fat diet, whereas female mPHB-Tg mice do not exhibit these abnormalities. Similar to PHB-Tg mice, a potential contribution of the interplay between PHB and sex steroids in other cellular compartments remains a possibility. HFD; high-fat diet; ovx: ovariectomy. (A color version of this figure is available in the online journal.)
Similarly, a direct effect of E2 has been reported on enhancement of primary antigen-specific CD2 T cell expansion and Th1 development. 79 Such differences in immune cell responses to sex steroids are important because of their role in innate and adaptive immunity, and may contribute to sex differences in immune health and disease.
The possibility that sex steroids affect T-cell function led us to query their influence on lymphoma. It is known that women have a lower incidence and a better prognosis of B-and T-cell lymphomas than men, 80, 81 and several strong hints point at a protective function of estrogens in lymphomagenesis. 82 Lymphoma cells primarily express ERb, and this receptor, in contrast to ERa, seems to mostly act antiproliferative and pro-apoptotic through the execution of a specific and complex gene program, a hallmark of many tumor-suppressive transcriptional regulators. 82 Recently, Yakimchuk et al. 83 provided convincing evidence that activation of ERb in lymphoma acts tumor suppressive, through modulation of genes that cause a reduction in proliferation and survival of tumor cells as well as a reduction of tumor vascularization and dissemination.
These findings indicate that estrogen and androgen both exert important effects on the immune system, and may act through multiple cell types. It is likely that sensitivity to sex hormones may vary widely between different immune cell types. Although there is accumulating observational data that describe the importance of the effects of sex hormones on immune cells and their function, there is a paucity of mechanistic data, which would inform/translate these observations into clinical practice.
PHB-Tg and mPHB-Tg mice display sex differences in immune phenotype
The mPHB-Tg mice expressing Y114F-PHB in monocytic macrophages and dendritic cells display male-specific immunosuppressive phenotype and develop lymph node tumors, whereas female mPHB-Tg mice are protected from tumor development, suggesting a potential role of sex steroids in lymphomatosis 23 ( Figure 2 ). As speculated, ovariectomy in female mPHB-Tg mice caused metabolic dysregulation and tumor development similar to their male counterparts, confirming a protective role of estrogens. 23 Intriguingly, on a high-fat diet, male mPHB-Tg mice developed type 1 diabetes (T1D) instead of tumors. 25 The development of tumors and T1D in a mutually exclusive manner would imply that PHB has a role in immune checkpoints that play crucial role in self-tolerance and tumor surveillance, and that this regulatory role is linked to the phosphorylation of PHB at tyrosine-114. Thus, a protective role of testosterone against autoimmune disease, as discussed above, was not observed in male mPHB-Tg mice on high-fat diet. Because PHB is known to co-repress androgen action, 84 it is possible that this attribute along with metabolic stress, in the form of highfat diet, may have contributed to the development of T1D in mPHB-Tg mice in a male-specific manner. Identification of PHB in integrating immunomodulatory effects of sex steroids is a step forward in this direction. This evidence also supports a role for PHB in reciprocal effects of sex differences in metabolic and immune functions through its modulatory effect on sex steroid action in adipocytes and macrophages/dendritic cells. It would be interesting to study the role of PHB in modulating sex steroid actions in different immune cell types.
Sex hormones exert potent effects on immune cell subsets by binding to nuclear receptors that act as liganddependent transcription factors, 85 to plasma membrane G-protein coupled receptors that initiate signal transduction pathways, 86, 87 and to mitochondrial steroid receptors. 88, 89 In this context, it is important to note that PHB appears to modulate all three modes of action of sex steroids (Figure 2) . Moreover, sex steroids also appear to modulate PHB functions in different cellular compartments, as gonadectomy in PHB-Tg and m-PHB-Tg mice alters their metabolic and immune phenotypes. 23, 67, 90 These evidences suggest a multifaceted relationship between PHB and sex steroids in the regulation of metabolic and immune functions, which may work in a context-dependent manner.
Do mitochondria have a role in sex-dimorphic functions?
The ooplasm has the unique ability to distinguish sperm mitochondria from self-mitochondria, for selective degradation of paternal mitochondria to ensure maternal mitochondria inheritance. This would imply that sex differences exist in mitochondria that must be acquired at some point in males' life from birth to puberty, or at the time of fertilization. This is because of the maternal inheritance of mitochondria. This fundamental aspect of mitochondrial biology raises two interrelated questions about the acquisition of sex differences and its potential role in mediating sex differences in different cells and tissues. We propose that mitochondria and mitochondrial proteins play a crucial role in mediating sex differences in cellular functions. This is because fundamental aspects of mitochondrial biology, including the anaplerotic citric acid cycle (Krebs cycle) and energy production are adapted to serve cell type or tissue-specific functions. For instance, ATP production is linked to insulin secretion in pancreatic b-cells, whereas it is associated with lipogenesis in adipocytes. 91 Some of these cell-or tissue-specific functions display sex differences, 46 which raises an important question about the potential role of mitochondria in sex differences. A number of potential mechanisms exist that could be involved in the role of mitochondria in sex differences. First, sex steroids regulate mitochondrial functions, and sex differences have been described in mitochondrial biogenesis in white adipose tissue. 92 Mitochondrial biogenesis plays a central role in adipogenesis, which is higher in females than males, and estrogens are known to play a role in mitochondrial biogenesis. [18] [19] [20] Moreover, most of the adipose tissue and liverrelated alterations in diseases occur in parallel with an impairment of mitochondrial function. [93] [94] [95] It has also been found that brown adipose tissue, liver, skeletal muscle, brain, and heart exhibit more differentiated and functional mitochondria in female rats than in males, 55, [96] [97] [98] [99] and this is accompanied by a better insulin sensitivity profile 100 and a greater brown adipose tissue thermogenesis. 101 Interestingly, sex differences in brown adipose tissue structure, including mitochondria, are further amplified in PHB-Tg mice, where a number of mitochondrial markers are upregulated in adipose tissue. 22 This dimorphism is likely to be mediated by estrogens, as they regulate and favor mitochondrial function and biogenesis. 102 Moreover, the presence of ERa and ERb in mitochondria and white adipose tissue 19, 103 further supports the idea of a possible involvement of estrogens in sex-related differences in mitochondrial function. Second, the role of mitochondria in sex differences in health and disease may involve epigenetic mechanisms, because mitochondrial DNA (mtDNA) copy numbers have been reported to play a role in epigenetic changes in the nuclear genome. 104 Finally, genes located on X chromosome may escape its inactivation and contribute to sex dimorphism in mitochondrial functions. Recently, Balaton et al. 105 have catalogued consensus inactivation status of X-linked genes from genome-wide studies. We searched the mitochondrial proteins database MitoCarta 106 and found more than 25 mitochondrial proteins encoding genes located on X chromosome in humans (Table 1 ). In mice, these genes are also located on X chromosome, except SLC25A6. All these X-linked genes encoding mitochondrial proteins are either escape from, subject to, or variably escape from XCI (Table 1) . Similarly, we searched XCI consensus dataset 105 for inactivation status of immune-related genes on X chromosome and identified a number of genes (Table 2) . Therefore, escape from XCI might contribute to sex differences in cellular functions involved in metabolic and immune functions, because of crucial role of mitochondria in major metabolic tissues and in the functional plasticity of immune cells. 76 Moreover, polymorphism in genes on the X chromosome that encode for immunological proteins may lead to sex differences in immune response. For example, TLR-7, located on the X chromosome, can escape X inactivation, resulting in higher expression in females than males. 107 
Sex steroid hormones in sex differences in adipose and immune functions
The two major sex steroid hormones, E2 and testosterone, although derived from the same precursor, cholesterol, belong to two different sub-groups of steroid hormone family members, namely estrogens and androgens, which work through different receptors and have different target genes. Thus, differences inherent to the structure and action of male and female sex steroid hormones expectedly may result in sex differences. This is because sex steroids work on almost all cell and tissue types in the body and have wide ranging roles in various physiological processes. Thus, it would not be a surprise if sex differences of different magnitude exist in almost all cell and tissue types. In this context, it is important to note that these pleiotropic effects of estrogens are mediated through two main receptor isoforms, ERa and ERb, which display different expression pattern in various cells and tissue types 108 and have overlapping as well as distinct target genes. 109 This is not the case with testosterone, which works through a single receptor. Thus, the differential expression of sex steroid receptors in various cell and tissue types can also contribute to sex differences in physiology and pathophysiology.
Estrogens play a crucial role in suppressing the development of chronic inflammatory diseases 110 and in mitigating the impact of inflammation that occurs in diseases such as obesity and type 2 diabetes. 111 Existing evidence indicates that adipose tissue becomes inflamed in obesity, which highly correlates with obesity-related insulin resistance, other metabolic impairments, 112, 113 and cancer development. 114 Thus, preventing or treating adipose tissue inflammation is important to prevent or attenuate the development of metabolic diseases. Notably, there appears to be sex differences in the prevalence of diseases such as cancer, obesity, type 2 diabetes, and cardiovascular disease, with men presenting higher prevalence and disease risk compared to women. 115 However, after menopause, women become as susceptible as men to obesity-related diseases.
111 This is associated with increased production of inflammatory cytokines such as TNF-a and IL-6 due to loss of estrogens during menopausal transition. 116 ERa appears to be the predominant ER in adipose tissue, 115, 117 and ERa polymorphism has been linked to adiposity, insulin resistance, and inflammation. 118 ERa knockdown in 3T3-L1 adipocytes leads to increased level of inflammatory markers. 115 Furthermore, E2 has been shown to work in a non-genomic manner and inhibit inflammation by modulating NF-jB signaling through activation of PI3K-Akt pathway. 119 Thus, the possibility of similar action of E2 on immune cells exists. In addition, intrinsic differences in cellular response may also exist in cells from male and female. There is a need to better define how these hormones function at the cellular level to reduce inflammation, because there is increasing interest in attaining clinical benefits of estrogens while avoiding side effects. In addition to ER, females possess an extra sex steroid hormone, progesterone, produced after ovulation and during pregnancy, which modulates the action of ER and has immunomodulatory and developmental roles 120 ; however, because of its coexistence with E2 in premenopausal women, independent effects of progesterone on metabolic and immune functions are difficult to dissect out.
Testosterone is an important determinant of body composition in men, promoting growth of lean mass and suppressing deposition of fat. 121 Thus, testosterone deficiency is expected to have opposite effects on adipose tissue. Epidemiological studies have found a relationship between low testosterone and obesity in men 122 and support the notion that testosterone deficiency in men leads to the development of metabolic syndrome and its related increase in cardiovascular disease risk. 123 Some of these evidences came from prostate cancer patients who are on androgen deprivation therapy (ADT). Men undergoing long-term ADT show significant insulin resistance and hyperglycemia compared with non-ADT and control groups. 124, 125 Furthermore, there is growing evidence suggesting a beneficial effect of testosterone on body composition to reduce visceral obesity and related metabolic syndrome. 126, 127 The underlying mechanisms by which androgen/androgen receptor (AR) signaling regulates (2), and provides the primary link between glycolysis and the tricarboxylic acid cycle. 3028 HSD17B10 Mostly subject to Encodes 3-hydroxyacyl-CoA dehydrogenase type II, a member of the short-chain dehydrogenase/reductase superfamily. A mitochondrial protein that catalyzes the oxidation of a wide variety of fatty acids and steroids, and is a subunit of mitochondrial ribonuclease P, which is involved in tRNA maturation. The protein has been implicated in the development of Alzheimer disease. 1678 TIMM8A Mostly subject to Involved in the import and insertion of hydrophobic membrane proteins from the cytoplasm into the mitochondrial inner membrane. The gene is mutated in MohrTranebjaerg syndrome/Deafness Dystonia Syndrome (MTS/DDS) and it is postulated that MTS/DDS is a mitochondrial disease caused by a defective mitochondrial protein import system. 292 SLC25A5 Subject to Functions as a gated pore that translocates ADP from the cytoplasm into the mitochondrial matrix and ATP from the mitochondrial matrix into the cytoplasm. 54539 NDUFB11 Subject to A subunit of the multisubunit NADH:ubiquinone oxidoreductase (complex I) and has NADH dehydrogenase activity and oxidoreductase activity. It transfers electrons from NADH to ubiquinone. 2182 ACSL4 Subject to An isozyme of the long-chain fatty-acid-coenzyme A ligase family, which preferentially utilizes arachidonate as substrate; its absence may contribute to the cognitive disability or Alport syndrome. 203427 SLC25A43 Mostly subject to A member of the mitochondrial carrier family of proteins. 293 SLC25A6 PAR (Escape) A member of the mitochondrial carrier subfamily of solute carrier protein genes. The product of this gene functions as a gated pore that translocates ADP from the cytoplasm into the mitochondrial matrix and ATP from the mitochondrial matrix into the (continued) ....................................................................................................................................................... ..... metabolic homeostasis in men are complex and likely to involve crosstalk with insulin target tissues. Evidence derived from various AR knockout mouse models revealed tissue-specific AR signaling that is involved in the regulation of metabolism. 123 A better understanding of the role of androgens on metabolism is of substantial clinical importance, because androgen-deprivation is a standard first-line treatment and fundamental management for men with advanced prostate cancer and ADT-related metabolic syndrome may lead to earlier development of castrationresistant prostate cancer.
E2-ER in mitochondria and their potential association with PHB
A number of studies have demonstrated that functional ERa and ERb are present in mitochondria where they play a role in mitochondrial biology. For example, mitochondrial ERs have been implicated in E2-induced mitochondrial transcription, 19 and it has been shown that the D-loop of mtDNA contains putative estrogen response elements. 128, 129 ERs mitochondrial target genes include those encoding proteins of the respiratory chain complex (MRC). 19 MRC proteins also include many nuclear encoded proteins, and mitochondrial genome is known to work in coordination with nuclear genome. Therefore, it is likely that nuclear and mitochondrial ERs also work in a coordinated manner, and that PHB may modulate ER function in both compartments. Moreover, E2 leads to activation of ERK1/2 (via MAPK) and Bad (via PKA), 19 and both signaling molecules are modulated by PHB [reviewed in Mishra et al. 27 and Ande et al. 27, 63 ]. PHB also modulates STAT3 signaling, which has been implicated in mitochondrial biology, 130 and interacts with Tfam and thus regulates mtDNA copy number, as Tfam is a DNA-encoded, mitochondrial protein that is crucial for replication, transcription, and maintenance of mtDNA. 131, 132 Thus, a possibility exists that PHB may modulate the different effects of estrogen on mitochondria at several levels (signaling, transcription, mtDNA copy number) and contribute to sex differences in cellular functions (Figures 1 and 2 ). Whether androgens have a similar role in mitochondrial biology remains unclear.
Epigenetic characteristics and sex differences
A complete knowledge of the sequence of genomic DNA of an individual is insufficient to predict the gene expression pattern and metabolism found in somatic cells, because of the crucial regulatory role of epigenetic factors. 133 Several types of epigenetic characteristics are known that distinguish somatic cells. Two of these are nuclear DNA methylation and mtDNA copy number. 133 Over 150 tissue-specific DNA methylation sites have been identified, 134 and the mitochondrial DNA copy number varies widely from a few hundreds to thousands. 135 Recently, Smiraglia et al. 104 have shown that mtDNA copy number changes have a profound effect on the methylation pattern of nuclear genes. Although this discovery was made in the context of tumorigenesis, a role for such a regulatory mechanism in sex differences associated with other conditions remains a possibility. For example, E2 action on mtDNA and mitochondrial biogenesis may lead to metabolic and immune protection. Similarly, sex differences in mitochondrial phenotype observed in PHB-Tg mice may have contributed to sex differences in their metabolic and immune phenotypes.
In this context, it should be noted that PHB regulates mitochondrial transcription factor Tfam as well as nuclear transcription factor Nrf2, which play an important role in the regulation of a number of mitochondrial DNA encoded proteins and nuclear encoded mitochondrial proteins, respectively. Thus, PHB may play a role in the regulation Escape from XCI and its potential role in sex differences
In mammals, sex is chromosomally determined with the presence or absence of Y chromosome generally resulting in XY male and XX female. 105 This genetic difference leads to sex-specific gonad development and consequently sexand gonad-specific hormone production. Thus, the major contributing factors in sexual dimorphism in mammals include expression of sex-linked genes and differential hormonal regulation of some gene pathways and functions by male and female sex steroid hormones. 105 The sex difference in the expression of most X-linked genes is minimized by XCI through epigenetic mechanisms. However, there are exceptions, because some genes could escape X chromosome silencing at variable frequencies. 136 Furthermore, XCI plays a role in achieving dosage compensation of genes located on pseudoautosomal regions of X chromosomes, which have homologous genes on the Y counterpart. 137 Escape from XCI can lead to male-female expression differences, particularly in humans. 138 Gencode currently lists 1144 genes on the human X chromosome, 139, 140 and approximately 15% of X-linked genes consistently escape from this inactivation and another 15% of genes vary between individuals or tissues in whether they are subject to, or escape from, inactivation. 105 The X chromosome contains a maximum number of immunerelated genes and many nuclear encoded mitochondrial genes, and it is possible that escape from XCI affects immune response and is responsible for different immunological responses between sexes and individual females.
The list of XCI contains not only protein-coding genes but also microRNA (miRNA) and noncoding RNA. It has been recently reported that the human X chromosome has a higher density of miRNA (10% of the approximate 800 miRNA in the human genome) when compared with autosomes, whereas the Y chromosome has no miRNA. 141 It is possible that XCI may affect X-linked miRNA, immune genes, and mitochondrial protein encoding genes. Differential expression of some of these X-linked genes may predispose to autoimmunity. Examples are CD40LG, CD70, and CD11, which are overexpressed in B and T cells in women with systemic lupus erythematosus. [142] [143] [144] Thus, the potential contribution of XCI on sex differences in health and disease in general and in metabolic and immune functions in particular is substantial.
PHB as a potential target for sex-based new therapeutics
As discussed above, the major intrinsic factors that contribute to sex differences are sex chromosomes, sex steroid hormones, epigenetics, and escape from XCI. 105 However, this aspect of human biology has not been capitalized yet for sex-based precision medicine. The discovery of PHB as mediating sex differences in metabolic and immune function has opened a new research direction in this field. It appears that there are multiple mechanisms by which PHB can contribute to sex differences in metabolic and immune functions, and these may include modulation of genomics, epigenetics, and membrane signaling functions of sex steroids as well as mitochondrial functions ( Figure 3) . As pleiotropic actions of PHB are mediated in a cell compartment-and tissue-specific manner, it might be possible to selectively target PHB for therapeutic purposes in a cell type-and sex-specific manner. In addition to brown adipose tissue, white adipose tissue, macrophages and dendritic cells, PHB plays a role in mast cells, B and T cells. [145] [146] [147] However, it is not known whether PHB has similar sex-dimorphic role in these cell types. Furthermore, many of these functions of PHB are also shared by its homologous protein PHB2 [reviewed in Ande et al. 61 ]. It is possible that PHB2 may have sexdimorphic functions similar to PHB, which is not known and requires further investigation. For example, PHB2 deficiency in mouse forebrain has been reported to cause neurodegenerative disease, 148 which affects men and women differently. Whether PHB2 contributes to sex differences in neurodegenerative disease, however, is not known. Apart from shared attributes, PHB and PHB2 appear to have protein-specific functions. 61 Thus, PHB may serve as a unique cell-and tissue-specific therapeutic target for metabolic and immune diseases in a sex-specific manner. Getting a more complete understanding of the relationship between PHB and sex steroid actions in different cellular compartments and cell types will lead to new insights into the underlying mechanisms. Targeting these pathways would characterize a fresh conceptual approach that will contribute to innovative regimens for sex-specific prevention and treatment of a wide variety of medical conditions. Cell signaling mtDNA copy number Figure 3 . A schematic showing known functions of PHB that may potentially contribute to sex differences in mitochondrial, adipose, and immune functions.
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(A color version of this figure is available in the online journal.)
